ABSTRACT The effect of grain form (whole, mash, or pelleted) on the live performance of broiler chickens was determined. In the first trial, six regimens compared the feeding of whole wheat: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27d. Each feeding regimen was replicated with steam-pelleted and mash supplements. None of the feed was diluted. The second trial was similar, except that whole barley was fed instead of whole wheat. Feeding
INTRODUCTION
In the past decade, some poultry producers in Europe, Australia, and Canada have started to add whole wheat on-farm to increase the use of locally grown grains and reduce trucking and feed milling costs (Cumming, 1994) . The use of whole grain is not new, however, and early research (McIntosh et al., 1962a) indicated that growing birds could be fed whole grain with little or no loss in performance. More recently, Bennett et al. (1995) and Rose et al. (1995) reported that broiler chickens fed whole-wheat diets had the same market weight and feed conversion as birds fed pelleted wheat diets. Svihus et al. (1997) found in two trials that broiler chickens fed whole barley grew at the same rate but had a higher feed:gain ratio than those fed rolled barley. In a third trial by these researchers, birds fed whole barley gained more weight and had the same feed conversion as birds fed ground barley. Testing of To whom correspondence should be addressed: cbennett@ gov.mb.ca. 995 mash supplements slowed growth at all ages and lowered mortality caused by sudden death syndrome and ascites plus right heart failure. Cumulative feed:gain was increased by feeding mash supplements in Trial 1. Total weight gain was unaffected by feeding whole wheat but was decreased by most levels of whole barley. Wholegrain diets increased cumulative feed:gain. Feeding whole wheat decreased skeletal problems. Whole-grain diets increased gizzard size but did not alter carcass yield. Feeding whole-grain and mash supplements caused at least a temporary loss in growth rate and feed efficiency but in some cases improved bird health.
the energy availability of whole and ground wheat has produced contradictory results, with whole wheat having lower true metabolizable energy but similar apparent metabolizable energy concentration as ground wheat (Salah Uddin et al., 1996) .
In the present studies, the effect of grain form (whole, mash, or crumbled and pelleted) on growth rate, feed conversion, mortality, and carcass yield of broiler chickens fed wheat and barley based diets was determined. The rate at which whole grain could be increased in the feed as broilers aged was also examined.
MATERIALS AND METHODS

Trial 1
A total of 2,256 commercial broiler cockerels were housed in four environmentally controlled rooms, with 12 pens per room and 47 chicks in each of the 2.3-× 2-m pens. The birds were reared under an increasing lighting program (Classen and Riddell, 1989) . Initial room temperature was 32 C and was then gradually decreased according to usual brooding practices. Hot water pipes provided supplemental heat.
All birds received a starter ration from 0 to 13 d of age, a grower ration from 13 to 27 d, and a finisher ration from 27 to 48 d (Table 1) . The trial was designed as a 6 × 2 factorial with six combinations of whole grain and two forms of supplement (Table 2 ). The ingredient composition 1  Trial 2  1  2  3  4  5  6   0 -6  0 -7  0  0  0  5  0  5  6-13  7-14  0  5  5  20  5  20  13-27  14-28  0  20  35  35  50  50  27-48  28-49  0  35  50  50  65  65   1 Each level of whole-wheat feeding was replicated with the remaining ingredients in the diets being fed in steam-pelleted or mash form. When steam-pelleting was used, the portion of the feed not fed as whole grain was fed as crumbles in the first two periods and as pellets in the last two periods.
of the diets was identical for all treatments, with the only difference being in the proportion of the total diet that was fed as whole wheat and whether the portion of the diet that was not whole wheat was fed as ground mash or crumbles and pellets. Six levels of whole wheat were fed: 1) 0% whole wheat from 0 to 48 d; 2) 0% whole wheat at 0 d, 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 0% whole wheat at 0 d, 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% whole wheat at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 0% whole wheat at 0 d, 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% whole wheat at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d. Each of the six levels of whole wheat was replicated with steam-pelleted and mash supplements. Each combination of level of whole grain and supplement form was replicated four times with one pen in each of Depending on the dietary treatment, some of the wheat in Trial 1 and barley in Trial 2 was fed as whole grain. The percentage whole grain in the complete diets for each treatment is displayed in Table 1 . 2 The vitamin mineral mix supplied the following per kilogram of complete feed: 11,500 IU vitamin A; 2,600 IU vitamin D 3 ; 40 IU vitamin E; 2.5 mg menadione; 2.5 mg thiamine; 10 mg riboflavin; 84 mg niacin; 4 mg pyridoxine; 0.016 mg vitamin B12; 15.4 mg pantothenic acid; 1.1 mg folic acid; 0.14 mg biotin; 0.125 mg antioxidant; 56 mg iron, 77 mg zinc; 95 mg manganese; 7 mg copper; 0.9 mg iodine; 0.21 mg selenium. the four rooms in the study. For the treatments with steampelleted supplements, the portion of the diet that was not whole grain was fed as a crumble in the starter and grower rations and as a pellet in the finisher ration. After being steam-pelleted, the crumbles or pellets were blended with the whole grain in a ribbon mixer. When mash supplements were used, the grain portion of the supplement was coarsely ground by a hammermill with a 0.64-cm screen. No insoluble grit was fed in any of the treatments.
The birds were pen-weighed at 0, 6, 13, 27, and 48 d, and feed consumption was determined for each of these periods. Sixteen birds per treatment, four birds per pen, were selected at 41 d, weighed, fasted overnight, and then killed and processed at 42 d of age to determine carcass yield and weight of internal organs. For the selected birds, the eviscerated carcass, crop, proventriculus, gizzard (with and without digesta contents), small intestine, and abdominal fat pad were weighed. All birds that died during the trial were weighed and stored at 5 C until postmortem examination. Feed:gain ratio was corrected for mortality by including the weight of the dead birds in the body weight gain.
Trial 2
A total of 2,208 commercial broiler cockerels was housed and reared similarly to Trial 1, except that 46 instead of 47 chicks were placed per pen. All birds received barleybased starter ration from 0 to 14 d of age, grower ration from 14 to 28 d, and finisher ration from 28 to 49 d ( Table  1) . As in the previous trial, Trial 2 was designed as a 6 × 2 factorial with six levels of whole grain and two forms of supplement ( Table 2 ). The same six whole-grain feeding regimens were used as in Trial 1, except that whole barley was fed instead of whole wheat and the whole-grain levels were changed at 1 d of age later than Trial 1. The steampelleted and mash supplements were produced in a manner and form similar to Trial 1. No insoluble grit was fed.
The birds were pen weighed at 0, 7, 14, 28, and 49 d of age, and feed consumption was determined for each of these time periods. All birds that died during the trial were weighed and stored at 5 C until postmortem examination. The feed:gain ratio was corrected for mortality by including the weight of the dead birds in the body weight gain.
Statistical Analyses
Both trials were analyzed as 6 × 2 factorial designs with level of whole grain and form of supplement as main effects. Statistical analyses were computed with SAS software (1990) . When the analysis of variance was significant, Duncan's multiple-range test was used to separate the means. Differences between treatment means were considered statistically significant at P < 0.05.
RESULTS
Trial 1
Birds fed mash supplements had lower body weight gains than those fed pelleted supplements at all ages and cumulatively over the life of the flock (Table 3) . Feeding 5% whole wheat from 0 to 6 d had no influence on weight gain. At 6 to 13 d, a significant interaction was observed, and the growth response to feeding of whole wheat depended on the type of supplement used. During this time, the birds fed 20% whole wheat (levels 4 and 6) combined with a pelleted supplement grew slower than birds fed 0 or 5% whole grain and pelleted supplement (levels 1, 2, 3 and 5). Addition of whole wheat to a mash supplement did not slow growth during this period. At 13 to 27 d, a similar interaction occurred; some of the birds fed a pelleted supplement and 35 or 50% whole wheat (levels 4, 5 and 6) gained less weight than birds fed no whole grain (level 1). Again, no differences due to whole-grain level were observed for the broilers fed mash-based diets. Unlike 6 to 13 d, the birds fed 20% whole grain and a pelleted supplement (level 2) grew at a rate similar to those fed just pellets. From 27 to 48 d, feeding 35 to 65% whole wheat had no effect on body weight gain, regardless of the type of supplement used. Total body weight gain was unaffected by feeding whole wheat.
Compared to a pelleted supplement, feeding a mash supplement increased feed:gain ratio from 6 to 27 d, had no effect from 27 to 48 d, and increased cumulative feed:gain ratio (2.06 vs. 2.03; Table 4 ). At 0 to 27 d, feeding 20% or more whole grain increased feed:gain ratio compared to the rations with no whole grain. At 27 to 48 d, broilers fed 35% whole wheat (level 2) and some of those fed 50% whole wheat (level 4) had similar feed conversions to birds fed no whole wheat (level 1). The birds fed 65% whole wheat in the finisher feed (levels 5 and 6) had a higher feed:gain ratio than birds fed finishers containing 0 or 35% whole wheat (levels 1 and 2). Feed:gain ratio for the life of the flock was lower for birds reared on the control rations (level 1) than any of the birds reared on whole-grain diets. Broilers fed the highest two levels of whole wheat had a higher cumulative feed:gain ratio than most of the other treatments in which whole grain was used (level 5 vs. levels 2 to 4; level 6 vs. levels 2 and 4).
Feeding a mash supplement reduced mortality due to sudden death syndrome and increased skeletal and leg problems but did not change total mortality compared to feeding a pelleted supplement (Table 5) . Feeding almost any amount of whole wheat (levels 2, 3, 4, and 6) reduced skeletal and leg problems compared to not feeding any whole grain but did not change total mortality. Sudden death syndrome and skeletal and leg problems accounted for approximately two-thirds of the mortality in the trial.
Feeding mash supplements compared to pelleted supplements resulted in a small but significant increase in the weight of the gizzard, with and without digesta contents, as a percentage of the live weight of the bird (Table 6) . Eviscerated carcass yield and the percentage weight of other organs were unaffected by feeding mash supplements. Feeding some levels of whole wheat (levels 3, 4, and 5) increased the percentage of offal compared to not feeding any whole wheat but did not alter eviscerated carcass yield. Feeding whole wheat had no overall effect on percentage proventriculus, but a significant interation of whole-wheat level × supplement form did occur, and some inconsistent differences were observed (data not shown). For birds fed pelleted supplements, birds fed the sixth level of whole wheat had larger proventriculi than those fed the third, fourth, or fifth levels of whole wheat. When mash supplements were used, birds fed the fourth level of whole wheat had larger proventriculi than those fed the second level of whole wheat. Crop, small intestine, and abdominal fat pad weights were unaffected by wholegrain level or form of supplement.
The most noticeable dietary effects on organ weight were observed in the response of gizzard weight to different levels of whole grain. Cockerels fed no whole wheat had The six levels of whole wheat compared were as follows: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d.
NS P > 0.05. *P < 0.05. **P < 0.01. ***P < 0.001. The six levels of whole wheat compared were as follows: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d.
NS P > 0.05. *P < 0.05.
smaller gizzards, with or without digesta, than those of birds fed any whole wheat. Birds fed a low amount of whole wheat (level 2) had full and empty gizzard weights lower than almost all of the birds fed higher levels of whole wheat (except compared to the empty gizzard weight of The six levels of whole wheat compared were as follows: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d.
NS P > 0.05. *P < 0.05. **P < 0.01. ***P < 0.001.
birds fed the fourth level of whole wheat). A significant interaction indicated that type of supplement influenced the effect of whole grain on gizzard weight, with and without digest (data not displayed). For pelleted supplements, the control birds had smaller gizzards than birds The six levels of whole barley compared were as follows: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d.
fed any whole wheat (levels 2 to 6). For mash supplements, the control birds had gizzard weights similar to birds fed the least whole wheat (level 2). Some other inconsistent differences were observed among the different types of supplement, but the basic trend was for gizzard weight to increase as more whole grain was fed. Numerically, the differences in gizzard weight accounted for most of the differences in eviscerated carcass yield among the birds fed different levels of whole grain.
Trial 2
As in Trial 1, feeding a mash supplement decreased body weight gain in all periods and reduced total body weight gain compared to a pelleted supplement (Table 7) . Feeding whole barley decreased body weight gain overall and during many periods. From 0 to 7 d, however, the response to whole barley appeared to be positive and the broilers fed 5% whole barley plus a pelleted supplement (levels 4 and 6) had a greater weight gain than some of the birds fed no whole barley at that age (levels 2, 3, and 5). A significant interaction indicated that this improvement only occurred for birds fed pelleted supplements. At 7 to 14 d, feeding whole barley had no effect on weight gain even though some of the birds were fed 20% whole grain during this time. From 14 to 28 d, feeding whole barley had no overall effect on weight gain but a significant interaction was observed. The birds fed a pelleted supplement and 50% whole barley (level 5) had a lower body weight gain than the other birds fed pelleted supplements, but no significant differences were observed when whole barley was added to mash supplements. From 28 to 49 d of age, all of the birds, even those fed 35% whole barley, grew slower than those fed the control diets, and no influence of supplement form on this reduction in growth rate was observed. Compared to the birds on the control diets (level 1), total body weights gain were reduced for all birds fed whole barley, except for those fed the maximum level of whole barley (level 6).
Feed:gain ratio was similar at all ages and in total for birds fed mash and pelleted supplements (Table 8) . Feeding 5% whole barley from 0 to 7 d (levels 4 and 6) improved feed conversion compared to several of the treatments in which no whole grain was fed (levels 2, 3, and 5); this pattern was similar to the one observed for body weight gain at the same age. From 7 to 14 d, feeding whole barley had no impact on feed conversion, but at 14 to 28 d of age most of the birds fed whole barley (levels 2, 4, 5, and 6) The six levels of whole barley compared were as follows: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d.
had a higher feed:gain ratio than the birds on the control rations. Use of whole-barley diets improved by 28 to 49 d, and the improvement in feed efficiency was most noticeable with mash supplements (significant interaction of whole-grain level × supplement form). At this age, most of the birds fed mash supplements had a similar feed:gain ratio (levels 1, 2, 3, 5, and 6). For pelleted supplements, the birds fed no whole barley had a lower feed:gain ratio than some of the birds fed high amounts of whole barley (levels 4 and 6), and the birds fed a low amount of whole barley (level 2) had a lower feed:gain ratio than birds fed the most whole barley (level 6). The effect of feeding whole barley on cumulative feed:gain ratio was similar to that observed at 28 to 49 d, and a significant interaction occurred between supplement form and level of whole grain. For broilers fed mash supplements, most of the birds had cumulative feed conversions that were similar (levels 1, 2, 3, 5, and 6). When pelleted supplements were used, the birds fed the control rations had a feed:gain ratio lower than birds fed high amounts of whole grain (levels 3 to 6). Chickens fed a low amount of whole barley and pelleted supplement (level 2) had a lower feed:gain ratio than birds fed the highest level of whole grain (level 6). Mortality due to ascites and right heart failure was reduced by feeding a mash supplement, but total mortality was unaffected (Table 9 ). Feeding whole barley did not affect cause of mortality or total mortality. As in Trial 1, approximately two-thirds of the mortality was due to sudden death syndrome and skeletal and leg problems.
DISCUSSION
Compared to a pelleted supplement, feeding a wheat or barley mash supplement slowed growth rate at all ages but had almost no effect on feed efficiency. Barley mash supplements had no effect on cumulative feed:gain ratio, and wheat mash supplements increased feed:gain ratio only slightly. Averaged over the two trials, the cumulative feed:gain ratio was almost identical for birds fed mash and pelleted supplements (2.05 vs. 2.04). Some researchers have observed a decline in body weight with no change or a decrease in cumulative feed:gain ratio when feeding mash diets (Proudfoot and Hulan, 1989; Munt et al., 1995; Nir et al., 1995; Leeson et al., 1999) , whereas others have observed an increase in feed:gain ratio in addition to reduced growth rate (Proudfoot and Hulan, 1982; Reece et al., 1985; Deaton, 1992; Nir et al., 1994; Hamilton and Proudfoot, 1995) . In the present studies, the major impact of feeding a mash supplement was to reduce growth rate, and this reduction might have been responsible for the lower mor- The six levels of whole barley compared were as follows: 1) 0% of diet for the whole trial (0 to 48 d); 2) 5% at 6 d, 20% at 13 d, 35% at 27 d; 3) 5% at 6 d, 35% at 13 d, 50% at 27 d; 4) 5% at 0 d, 20% at 6 d, 35% at 13 d, 50% at 27 d; 5) 5% at 6 d, 50% at 13 d, 65% at 27 d; and 6) 5% at 0 d, 20% at 6 d, 50% at 13 d, 65% at 27 d.
tality observed due to sudden death syndrome, ascites, and right heart failure. Lower total mortality or mortality due to cardiovascular problems has been found in previous trials when broilers were fed mash rather than pelleted diets (Proudfoot and Hulan, 1982; Proudfoot and Hulan, 1989; Munt et al., 1995; Leeson et al., 1999) . Feeding whole wheat or whole barley decreased the growth rate of chickens when combined with mash or pelleted supplements. The youngest birds to exhibit a decreased growth rate were broilers fed 20% whole wheat and a pelleted supplement at 6 to 13 d. Birds fed mashor barley-based supplements were not affected by 20% whole grain. Because mash and barley supplements tended to slow growth, it is possible that the birds were able to process the whole grain fast enough to maintain these growth rates but not the faster rates on the pelleted wheat diets. This finding is consistent with previous research (Svihus et al., 1997) that demonstrated that chickens fed whole barley could grow as fast or faster than birds fed rolled or ground barley. As the amount of whole wheat and whole barley was increased to 35% or more of the diet, some loss in growth rate was observed with both pelleted and mash supplements. Significant interactions of supplement form × whole-grain, however, indicated that the loss was most noticeable with pelleted supplements. Again, it is possible that the bird gizzards could process whole grain fast enough to match the growth rate of birds fed mash diets but not the faster growth rate of birds fed pelleted diets. Previously, researchers have demonstrated that feeding up to 30% whole wheat (Bennett et al., 1995; Salah Uddin et al., 1996) or 60% whole wheat (Rose et al., 1995) would not reduce growth rates compared to pelleted diets. These researchers, however, fed lower amounts of whole wheat or introduced the whole wheat at a later age than in the present trials.
In general, feeding whole grain had a less dramatic effect on feed conversion than body weight gain. Cockerels could be fed 5% whole wheat or barley at day of hatch with no loss in feed efficiency. For barley based diets, broilers fed 35% whole grain never displayed an increase in feed:gain ratio compared to birds fed no whole barley (although those fed 20% whole barley had an increased feed:gain ratio at 14 to 28 d). When first introduced to 20, 35, 50, or 65% whole wheat, however, all broilers displayed an increase in feed:gain ratio. By 4 to 7 wk of age, birds on some of the treatments in which 50 to 65% whole barley or 50% whole wheat was fed had the same feed:gain ratio as birds fed the control rations. In terms of feed efficiency, the birds appeared to adjust to whole grain as they grew older. The finding that whole grain had a negative effect on feed efficiency agrees with previous research by Svihus et al. (1997) . Researchers who have fed lower amounts of whole grain or introduced it at older ages, however, have found no effect of whole grain on feed conversion (Bennett et al., 1995; Rose et al., 1995 , Salah Uddin, 1996 .
Some of the loss in performance observed when whole grain was fed may be attributed to the absence of insoluble grit from the diets. Grit was excluded in the present trials because it can cause a high level of wear on the equipment used to clean the gizzards at the processing plant. If grit is necessary for the gizzard to grind whole grain efficiently, the absence of grit could have been a problem. McIntosh et al. (1962b) found that grit did not increase the metabolizable energy of whole wheat or barley in two trials and increased the metabolizable energy of ground and whole grain in another trial. Previous research has demonstrated no loss in performance when feeding broiler chickens whole wheat without grit (Bennett et al., 1995) . Other research has indicated no benefit to adding grit when feeding whole barley to turkeys (Schwean et al., 1997 ) and laying hens (C. D. Bennett, unpublished data). Svihus et al. (1997) fed 70% whole barley to broilers, with and without grit, and observed no effect on body weight, feed conversion, or gizzard weight. Based on previous experience, the absence of insoluble grit does not appear to have had a negative effect.
Feeding mash supplement or whole grain did not have a negative effect on carcass yield or the weight of most of the digestive tract organs. Feeding whole grain, however, did cause a significant increase in gizzard weight with progressive increases in gizzard weight from zero to low to high levels of whole grain. Other research has demonstrated that feeding chickens and turkeys whole grain, with or without grit in the diet, will significantly increase gizzard weight (Svihus et al., 1997; C. D. Bennett, unpublished data) . The need to increase gizzard weight in response to whole grain may explain the adjustment period observed in growth rate and feed:gain ratio as birds were introduced to higher levels of whole grain.
Although the broilers did adapt to high levels of whole wheat and barley, it should be noted that the whole grain was fed without any dilution of the feed. Some popular and scientific reports (Covasa and Forbes, 1994; Ferket, 2000) have indicated that poultry rations can be diluted with whole grain with no loss in performance. It has sometimes been implied that dilution is possible because of some beneficial effect of whole grain compared to mash or pelleted grain. In the present study, no benefit in growth rate or feed conversion was observed in feeding diets containing whole grain. Previous research (Bennett et al., 1995) has demonstrated that dilution with whole grain offers no benefit over dilution with pelleted grain.
The results of the present studies indicate that, in the absence of dilution, broiler chickens can be fed up to approximately 35% whole grain in a diet without a great impact on live bird performance. Addition of any amount of whole grain over 5%, however, appears to result in at least a temporary loss in growth or feed efficiency. Producers wanting to add large quantities of whole grain on farm to reduce trucking and milling costs will need to consider the trade-off between lost performance and reduced feed handling costs.
